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The Panzhihua layered intrusion
Emeishan large igneous provinceThe Panzhihua layered intrusion in the ~260 Ma Emeishan large igneous province is composed of melagabbro
and Fe–Ti oxide ore bodies in the lower zone (LZ) and the lower part of the middle zone (MZa), and Fe–Ti
oxide-poor leucogabbro in the upper part of themiddle zone (MZb) and upper zone (UZ). Cumulus apatite grains
occur in the ~500- to 600-m-thick MZb, which makes up 25–30% of the ~2-km-thick intrusion. Apatite grains
from the MZb show two compositional reversals in the composition of Sr, which divide the MZb into three
sub-units from the base upwards, MZb1, MZb2 and MZb3. There is 1–3 vol.% apatite in the MZb1 and MZb2
and 2–5 vol.% apatite in the MZb3. Both apatite and plagioclase have an overall trend of decreasing Sr in each
sub-unit. Most apatite grains from the MZb1 and MZb2 have negative Eu anomalies (Eu/Eu* = 0.70–0.98) on
chondrite-normalized REE plots and some at the top of the MZb2 have positive Eu anomalies (Eu/Eu* =
1.09–1.18), whereas all grains from the MZb3 have positive Eu anomalies (Eu/Eu* = 1.11–1.25). We consider
that the Panzhihua intrusion formed due to immiscibility of ferrobasaltic magmas in a large convection cell
at high temperatures. The immiscible Fe-rich melt tended to move towards the base of the chamber, whereas
the Si-rich melt moved upwards due to density differences. Crystallization of Fe–Ti oxides from the Fe-rich
melt at high temperatures may result in the enrichment of P in the residual magmas. The upward moving
residual P-rich magmas may have mixed with Si-rich melt to form a P- and Si-rich melt in the upper part of
the chamber, from which the MZb formed. Double-diffusive convection circulated in the P- and Si-rich melt to
form stratiﬁedmagma layers. Magmamixing between the stratiﬁedmagma layers resulted in the compositional
reversals of apatite along the boundaries. Negative Eu anomaly of apatite in the MZb1 and MZb2 is attributed to
prior crystallization of plagioclase, whereas replenishment of a syenitic magma to the MZb3 may result in the
positive Eu anomaly of apatite in the MZb3. The immiscibility model can explain why the apatite-rich MZb is
above the major Fe–Ti oxide layers in the Panzhihua intrusion.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Apatite is common in maﬁc–ultramaﬁc layered intrusions and can
occur in the lower and upper parts of layered intrusions (Cawthorn,
1994). Small amounts of intercumulus apatite (b1%) crystallized from
interstitial or trapped liquids can be identiﬁed in the lower parts of lay-
ered intrusions (Cawthorn, 1994). Cumulus apatite up to a few percent
usually occurs in the upper parts of layered intrusions and reaches sat-
uration after 90% fractionation of basaltic magmas (Huntington, 1979;
Meurer andMeurer, 2006; Tegner et al., 2009). In the upper parts of lay-
ered intrusions cumulus apatite is often associated with Fe–Ti oxides
that are interstitial to clinopyroxene and plagioclase, forming Fe–Ti–P-
rich gabbro (Namur et al., 2012 and references therein). Occasionally,nelsonite layers that are composed of two-thirds Fe–Ti oxides, one-
third apatite and minor olivine and plagioclase can form and interlayer
with Fe–Ti–P-rich gabbro in the upper parts of layered intrusions,
such as those in the Bushveld Complex in South Africa (Reynolds,
1985; Tegner et al., 2006) and the Sept Iles intrusion in Canada
(Tollari et al., 2008). On the other hand, apatite-rich units often occur
stratigraphically above major Fe–Ti oxide-rich layers in some maﬁc–ul-
tramaﬁc layered intrusions, such as those in the Skaergaard intrusion in
Greenland (Tegner et al., 2009; Thy et al., 2009), the Bushveld Complex
(Tegner et al., 2006; Von Gruenewaldt et al., 1985) and the Sept Iles in-
trusion (Namur et al., 2010, 2012). Therefore, factors that control the
crystallization sequence of Fe–Ti oxides and apatite from magmas are
enigmatic and the role of P in the formation of major Fe–Ti oxide-rich
layers of layered intrusions needs to be examined.
The Panzhihua intrusion is one of the several maﬁc–ultramaﬁc lay-
ered intrusions that host giant Fe–Ti oxide deposits in the Panzhihua–
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ginal zone (MGZ), lower zone (LZ), middle zone (MZ, comprising
MZa in the lower part and MZb in the upper part) and upper zone
(UZ) (Pang et al., 2008, 2009; Zhou et al., 2005). Cumulus apatite is
predominantly present in the MZb (Pang et al., 2008, 2009) so that
the apatite-rich MZb occurs above the major Fe–Ti oxide ore bodies
in the LZ of the intrusion, similar to the occurrence of apatite-rich
units in layered intrusions elsewhere (c.f., Namur et al., 2010;
Tegner et al., 2006). The apatite-rich MZb is ~500 to 600 m inFig. 1. A simpliﬁed geological map showing the distribution of the Emeishan large igneous prov
intrusions, felsic and granitic plutons and ﬂood basalts of the Emeishan large igneous province
Panzhihua intrusion showing major rock and ore types (c) (modiﬁed after Pang et al., 2009).thickness, which accounts for 25–30% of the ~2-km-thick intrusion
in terms of thickness (Pang et al., 2009; Zhou et al., 2005). The
proportion could be up to 45–56% if the UZ is excluded, as the UZ is
considered to represent replenishment by a new batch of magmas
(Pang et al., 2009). This proportion is much larger than other layered
intrusions, in which apatite-rich units generally account for b10%
(Huntington, 1979; Namur et al., 2010; Tegner et al., 2009). It is
therefore enigmatic why the apatite-rich MZb accounts for such a
large proportion of the Panzhihua intrusion.ince in SW China (a) and the distribution of Fe–Ti oxide-bearingmaﬁc–ultramaﬁc layered
in the Panxi region (b) (modiﬁed after Shellnutt et al., 2012), and a geological map of the
Fig. 2. A proﬁle of the Panzhihua intrusion showing the magniﬁed units of the MZb and sample locations in the Jianshan mine. An contents of plagioclase, Mg# of clinopyroxene and Fo
contents of olivine from the MZb are adapted from Pang et al. (2009).
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(REE), Sr, U, Th, F and Cl from magmas (Prowatke and Klemme, 2006;
Watson andGreen, 1981). It has beenwidely used to trace the evolution
paths of magmas and trapped liquids within interstitial phases
(Cawthorn, 1994, 2013; Meurer and Meurer, 2006; Tollari et al., 2008;
VanTongeren and Mathez, 2012). In this study, we have collectedFig. 3. The modal percentage of plagioclase (a), clinopyroxene (b), olivine (c), Fe–Ti oxide (d)
modal percentage of minerals is estimated by point counting on thin sections (500–1000 poinsamples from a proﬁle of theMZb of the Panzhihua intrusion and report
petrographic observations and in situ major and trace element compo-
sitions of apatite along the proﬁle. The new dataset has enabled us to
constrain the magma processes of the apatite-rich MZb and examine
the role of P in the formation of Fe–Ti oxide ores of the Panzhihua
intrusion., and apatite (e) and grain size of apatite (f) for the MZb proﬁle in the Jianshan mine. The
ts). The grain size of apatite was estimated based on 50–120 grains for each sample.
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2.1. Emeishan large igneous province
The Emeishan large igneous province (LIP) in SW China is located in
the southwesternmargin of the Yangtze Block (Fig. 1a). It comprises vo-
luminous continental ﬂood basalts, maﬁc–ultramaﬁc intrusions, felsic
plutons and subordinate picrite andmaﬁc dikes. The ~260Ma Emeishan
LIP is widely held to be due to melting of a mantle plume (Chung and
Jahn, 1995; He et al., 2003; Xu et al., 2001, 2004; Zhou et al., 2002).
Diverse ~260 Ma igneous rocks are exposed in the Panxi region, the
central part of the Emeishan LIP (Fig. 1a), including high-Ti basalts,
maﬁc–ultramaﬁc layered intrusions, and syenitic and granitic plutons
(Fig. 1b) (Xu et al., 2001). The layered intrusions that host giant Fe–Ti
oxide deposits include the Panzhihua, Hongge, Baima and Taihe intru-
sions (Fig. 1b), whichmake the Panxi region one of themost important
Fe–Ti–V metallogenic districts in China (Ma et al., 2003; Zhang et al.,
1988). Syenitic and granitic plutons are closely associated with the
layered intrusions (Fig. 1b).Fig. 4. Photomicrographs of rocks showing occurrence of apatite in the MZb of the Jianshan mi
(Ap) and Fe–Ti oxidesﬁlling the interstices between subhedral clinopyroxene (Cpx) andplagioc
in the middle part of the MZb showing euhedral apatite grains enclosed in Fe–Ti oxides and the
JS979; (d) Leucogabbro in the middle part of the MZb showing euhedral apatite grains enclose
part of the MZb showing euhedral apatite is interstitial to plagioclase and clinopyroxene. BSE
image, sample JS1211.2.2. The Panzhihua layered intrusion
The Panzhihua intrusion is a NE–SW-striking gabbroic sill with a
length of ~19 km (Fig. 1c). The total thickness of the intrusion is un-
known because of erosion. The average remnant thickness is ~2 km
with an outcrop area of ~30 km2. The intrusion intruded dolomitic lime-
stone of the Sinian Dengying Formation, which was metamorphosed
to marble and skarn along the contact zone (Ma et al., 2001; Zhou
et al., 2005). A series of N–S-trending deep faults cut the intrusion
into six segments from north to south, namely the Zhujiabaobao,
Lanjiahuoshan, Jianshan, Gongshan, Daomakan and Nalaqing mines
(Fig. 1c). Four zones of the intrusion have been recognized by local ge-
ologists in terms of mineral assemblage from base upwards, including
the marginal zone (MGZ), lower zone (LZ), middle zone (MZ), and
upper zone (UZ) (Zhou et al., 2005). The middle zone is subdivided
into MZa and MZb by the presence of abundant apatite in the MZb
(Pang et al., 2008, 2009).
The ~40-m-thickMGZ is assumed to be a chilledmargin (Pang et al.,
2008). It is composed of heterogeneous and ﬁne-grained hornblende-ne. (a) Leucogabbro in the lower part of the MZb showing subhedral and anhedral apatite
lase (Pl). Under plain polarizer and transmitted light, sample JS987; (b) and (c)Melagabbro
margin of clinopyroxene. Under plain polarizer and transmitted light, samples JS983 and
d in the margin of clinopyroxene. BSE image, sample JS980; (e) Leucogabbro in the upper
image, sample JS1202; (f) Cluster of euhedral apatite grains enclosed in Fe–Ti oxides. BSE
192 C.-M. Xing et al. / Lithos 204 (2014) 188–202or olivine-bearing gabbro with b12 vol.% Fe–Ti oxides (Zhou et al.,
2005). Xenoliths of marble from the footwall are common in the MGZ.
The ~110-m-thick LZ is composed of coarse-grained melagabbro
and hosts the ~60 m-thick main ore body. Melagabbro is composed of
plagioclase (20–45 vol.%), clinopyroxene (15–40 vol.%), Fe–Ti oxides
(15–35 vol.%) and small amounts of olivine (b5 vol.%) and hornblende
(b3 vol.%) (Zhou et al., 2005). Lath-shaped plagioclase grains some-
times are oriented and parallel to the layering. Ilmenite exsolution is
common in clinopyroxene. Massive ore contains N80 vol.% Fe–Ti oxides
and b20 vol.% silicate minerals. Plagioclase and clinopyroxene from the
massive ores are usually corroded and rimmed with hornblende and
subordinate olivine. Ilmenite exsolution is also very common in
clinopyroxene from massive ores (Pang et al., 2008, 2009; Zhou et al.,
2005).
TheMZ is ~800m in thickness. TheMZa in the lower part of the unit
is ~230 to 440 m thick and composed of layered gabbro with thin Fe–Ti
oxide ore layers and lens-shaped ore bodies (Pang et al., 2009; Zhou
et al., 2005). Layers that are dominated by clinopyroxene and Fe–Ti ox-
ides alternate with layers that are dominated by plagioclase, forming
prominent layering. The MZa has mineral assemblages similar to the
LZ. Plagioclase is usually rimmed with hornblende. Ilmenite exsolution
is common in clinopyroxene (Pang et al., 2009). The MZb in the upper
part of the unit is ~500 to 600 m thick and is mainly composed of
leucogabbro interlayered with several thin melagabbro layers (Fig. 2)
(Pang et al., 2009; Zhou et al., 2005). Leucogabbro is composed of pla-
gioclase (65–90 vol.%), clinopyroxene (10–30 vol.%), Fe–Ti oxides
(2–9 vol.%), olivine (b7 vol.%) and apatite (1–5 vol.%), whereas the
thinmelagabbro layer is composed of clinopyroxene (50–60 vol.%), pla-
gioclase (15–20 vol.%), Fe–Ti oxides (15–30 vol.%), olivine (5–7 vol.%)
and apatite (2–3 vol.%) (Fig. 3). Plagioclase is hetero-granular and
often displays polygonal grains. Clinopyroxene grains are ﬁne- to
medium-grained and contain ilmenite exsolution. Fe–Ti oxides are
always interstitial to silicate minerals. Anorthosite and dolerite veins
are commonly observed in the MZb, and apatite is sporadically present
in the veins.
The UZ ranges from 500 to 1500 m in thickness and consists mainly
of leucogabbro. The leucogabbro is composed of plagioclase
(50–70 vol.%), clinopyroxene (20–35 vol.%), Fe–Ti oxides (5–15 vol.%)
and olivine (b7 vol.%) (Zhou et al., 2005).Table 1
Comparison of measured and recommended values for the trace elements of standards
NIST SRM 610 and 612.
Trace
elements
NIST SRM 610 NIST SRM 612
Recommended
(Pearce et al., 1997)
(ppm ± 1σ)
Measured
(n = 58)
(ppm ± 1σ)
Recommended
(Pearce et al., 1997)
(ppm ± 1σ)
Measured
(n = 36)
(ppm ± 1σ)
Rb 431 ± 11 426 ± 5 31.6 ± 0.6 31.2 ± 0.7
Sr 497 ± 18 516 ± 6 76.2 ± 2.3 78.5 ± 1.2
Y 450 ± 19 450 ± 5 38.3 ± 2.1 38.1 ± 0.6
Zr 440 ± 8 440 ± 5 36.0 ± 1.3 38.0 ± 0.8
Ba 444 ± 24 436 ± 6 37.7 ± 1.3 38.4 ± 1.1
La 457 ± 72 456 ± 6 35.8 ± 2.2 37.8 ± 0.7
Ce 448 ± 17 448 ± 6 38.4 ± 1.6 38.1 ± 0.7
Pr 430 ± 30 430 ± 6 37.2 ± 0.9 36.8 ± 0.5
Nd 431 ± 38 431 ± 6 35.2 ± 2.4 35.9 ± 1.3
Sm 451 ± 21 451 ± 6 36.7 ± 2.6 38.1 ± 0.9
Eu 461 ± 52 460 ± 6 34.4 ± 1.6 37.0 ± 0.8
Gd 420 ± 25 443 ± 7 37.0 ± 1.1 38.3 ± 0.9
Tb 443 ± 22 442 ± 7 35.9 ± 2.7 38.1 ± 0.7
Dy 427 ± 18 427 ± 6 36.0 ± 0.8 35.6 ± 0.9
Ho 449 ± 25 449 ± 6 37.9 ± 1.1 38.7 ± 0.8
Er 426 ± 24 427 ± 6 37.4 ± 1.5 36.8 ± 0.7
Tm 420 ± 19 421 ± 6 37.6 ± 1.3 36.4 ± 0.6
Yb 462 ± 31 446 ± 7 40.0 ± 2.9 38.5 ± 1.0
Lu 435 ± 31 435 ± 6 37.7 ± 2.0 37.0 ± 0.7
Th 451 ± 28 457 ± 6 37.2 ± 0.7 38.2 ± 0.6
U 457 ± 14 462 ± 7 37.2 ± 1.2 37.2 ± 0.53. Occurrence of apatite in the MZb
The modal percentage of apatite in the proﬁle of the MZb in the
Jianshan mine ranges from 1 to 2 vol.% in the lower part, 1 to 3 vol.%
in the middle part and 2 to 5 vol.% in the upper part (Fig. 3e). Apatite
grains mainly occur interstitially and are often associated with Fe–Ti
oxides and are sometimes partially or totally enclosed within silicate
minerals.
Apatite grains from the leucogabbro in the lower part of the MZb
occur as subhedral to anhedral grains with similar grain size of
~130 μm in width (Fig. 3f). Apatite grains are associated with Fe–Ti
oxides and interstitial to plagioclase and clinopyroxene (Fig. 4a).
Apatite grains from the melagabbro and leucogabbro in the middle
part of the MZb occur as subhedral to euhedral grains with grain
size ranging from ~90 to 140 μm (Fig. 3f). Most apatite grains are asso-
ciated with Fe–Ti oxides and are interstitial to olivine, clinopyroxene
and plagioclase (Fig. 4b, c and d). Some euhedral apatite crystals are
partially or completely enclosed in the margins of clinopyroxene
(Fig. 4c and d).
Apatite grains from the leucogabbro in the upper part of the MZb
mainly occur as euhedral crystals and have grain size ranging
from 130 to 280 μmwith a maximum of 1 mm (Fig. 3f). Apatite grains
are usually associated with Fe–Ti oxides in the interstitial phases
(Fig. 4e and f). Some small apatite crystals (b100 μm) are enclosed in
clinopyroxene and occasionally in plagioclase and olivine (Fig. 4e).4. Samples and analytical methods
In this study, we chose 16 samples from a 470-m-thick MZb proﬁle
in the Jianshan mine of the Panzhihua intrusion and analyzed major
and trace elements of apatite and plagioclase grains on the thin sections
of the samples. The thin sections were prepared thick enough
(~0.08 mm in thickness) for both electron microprobe (EMPA) and
laser ICP-MS analyses.
Major elements of the minerals were determined using a JEOL JXA-
8100 electron microprobe at the State Key Laboratory of Isotope
Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy
of Sciences (GIGCAS). The operating conditions of 15 kV, 10 nA and a
5 μm defocused beam were applied to all element analyses for apatite.
The standards used were apatite (P, Ca and F), tugtupite (Cl), garnet
(Fe), albite (Na). The operating conditions of 15 kV, 20 nA and a 1 μm
beam were applied to all element analyses for plagioclase. The
standards used were albite (Si, Al and Na), anorthosite (Ca), potassium
feldspar (K), garnet (Fe) and TiO2 (Ti). Na, K and F were measured at
ﬁrst to minimize the loss during analyses. The counting time on peak
was 10 s for Na, K and F and 20 s for other elements. The raw data
were reduced using a ZAF correction program.
Trace elements of minerals were analyzed using a laser ablation
inductively coupled-plasma mass spectrometry (LA-ICP-MS) at the
State Key Laboratory of Isotope Geochemistry, GIGCAS. The Agilent
7500a ICP-MS instrument was coupled to a Resonetics 193 nm ArF
excimer laser ablation system. In situ LA-ICP-MS analyses of apatite
were performed at the same location where EMPA was done. Single
spot ablation was adopted for all analyses. The operating conditions of
laser energy of 80 mJ, ablation frequency of 8 Hz and a laser beam of
31 μmwere applied for apatite. The operating conditions of laser energy
of 80mJ, ablation frequency of 6 Hz and a laser beam of 91 μmwere ap-
plied for plagioclase. Helium gas was used as a carrier gas. CaO and SiO2
contents determined by EMPAwere employed as internal standards for
apatite and plagioclase, respectively. NIST SRM610was employed as an
external standard. NIST SRM 612 was analyzed as an unknown sample.
One apatite grain from the sample at the top of theMZb was chosen for
duplicated analyses. Data reduction was performed using an
ICPMSDataCal software (after Liu et al., 2008, 2010). Trace element con-
centrations of NIST SRM 610 and 612 obtained in this study are listed in
Table 2
Major and trace element compositions of apatite from the MZb of the Panzhihua intrusion.
Sample No. JS989 JS988 JS987 JS986 JS985 JS983 JS982 JS981
Rock type Leucogabbro Melagabbro Leucogabbro
Sub-unit MZb1 MZb2
Height (m) 552 578 604 636 670 704 733 774
Grains n = 12 ±1σ n = 4 ±1σ n = 2 ±1σ n = 6 ±1σ n = 12 ±1σ n = 10 ±1σ n = 9 ±1σ n = 6 ±1σ
Major elements (wt.%)
CaO 54.21 0.51 54.47 0.05 54.88 0.65 54.96 0.34 54.75 0.38 54.55 0.87 54.80 0.51 54.97 0.31
P2O5 44.15 0.60 41.56 0.63 42.40 0.38 42.27 0.41 43.86 0.70 41.43 0.97 43.64 0.40 42.36 0.20
F 3.15 0.33 3.29 0.64 3.71 0.40 3.91 0.20 3.22 0.39 4.06 0.31 3.11 0.28 3.56 0.53
Cl 0.14 0.02 0.12 0.00 0.13 0.03 0.09 0.01 0.13 0.02 0.08 0.01 0.10 0.01 0.06 0.01
FeO 0.14 0.05 0.27 0.05 0.37 0.30 0.09 0.04 0.16 0.05 1.46 1.30 0.19 0.10 0.32 0.15
Na2O 0.03 0.03 0.01 0.00 0.03 0.02 0.06 0.04 0.03 0.02 0.03 0.02 0.02 0.01 0.03 0.02
Total 101.84 99.71 101.50 101.36 102.15 101.60 101.85 101.29
O = F 1.33 0.14 1.39 0.27 1.56 0.17 1.64 0.08 1.35 0.16 1.71 0.13 1.31 0.12 1.50 0.23
O = Cl 0.03 0.00 0.03 0.00 0.03 0.01 0.02 0.00 0.03 0.01 0.02 0.00 0.02 0.00 0.01 0.00
Total 100.48 98.30 99.90 99.70 100.76 99.87 100.52 99.78
Trace elements (ppm)
Sr 899 45 902 20 807 42 866 41 930 36 1230 34 1078 58 1039 50
Y 385 25 402 18 396 62 362 33 354 24 304 18 304 19 311 24
La 327 16 339 10 345 39 339 27 341 20 267 16 268 12 265 19
Ce 885 38 914 34 932 112 877 74 883 51 703 46 707 32 711 51
Pr 135 6 139 5 142 17 130 11 131 8 108 6 108 5 110 8
Nd 740 36 759 31 792 92 697 60 702 39 598 34 603 30 625 48
Sm 168 8 173 9 180 22 156 13 157 9 139 8 139 8 146 10
Eu 40.3 2.2 39.5 1.4 44.0 5.4 42.1 3.8 43.2 2.4 44.3 3.1 44.3 2.4 45.9 3.4
Gd 165 9 170 7 164 19 152 12 153 9 138 7 140 8 146 13
Tb 18.8 1.1 19.6 0.9 19.5 2.6 17.7 1.6 17.4 1.2 15.2 1.0 15.5 0.8 16.1 1.4
Dy 92.1 6.0 96.4 5.4 93.8 14.8 86.9 8.6 84.6 5.8 73.5 4.8 73.6 4.0 76.7 6.3
Ho 15.5 1.0 16.2 0.8 16.0 2.7 14.5 1.4 14.3 1.0 12.1 0.8 12.3 0.6 12.6 1.0
Er 31.7 2.1 32.7 1.5 32.1 4.6 30.4 3.0 29.1 2.0 24.3 1.8 24.7 1.5 24.6 1.9
Tm 3.21 0.26 3.26 0.19 3.21 0.63 3.04 0.38 2.96 0.19 2.39 0.18 2.45 0.15 2.45 0.20
Yb 16.3 1.3 16.2 1.1 17.3 3.1 15.2 1.7 14.9 1.0 11.8 1.0 12.0 0.7 12.0 1.3
Lu 2.02 0.17 2.07 0.16 2.05 0.33 1.87 0.24 1.89 0.14 1.37 0.10 1.46 0.11 1.51 0.13
Th 7.55 0.80 7.09 0.60 8.88 0.80 3.25 0.67 5.48 0.69 2.28 0.28 2.48 0.24 2.50 0.49
U 1.91 0.16 1.84 0.22 2.15 0.19 0.84 0.15 1.37 0.12 0.67 0.05 0.71 0.07 0.76 0.09
∑REE 2641 125 2720 106 2782 335 2562 217 2575 147 2138 127 2151 104 2196 164
Eu/Eu* 0.74 0.02 0.70 0.01 0.78 0.00 0.84 0.02 0.85 0.02 0.98 0.03 0.97 0.01 0.96 0.01
Ce/Sr 0.99 0.06 1.01 0.05 1.16 0.20 1.01 0.06 0.95 0.07 0.57 0.04 0.66 0.03 0.69 0.06
(continued on next page)
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Table 2 (continued)
Sample No. JS980 JS978-1 JS1202 JS1205 JS1208 JS1211 JS1215 JS1216 JS1216
(duplicated)
Rock type Leucogabbro Leucogabbro
Sub-unit MZb2 MZb3
Height (m) 809 869 899 920 940 971 1012 1018 1018
Grains n = 8 ±1σ n = 9 ±1σ n = 13 ±1σ n = 7 ±1σ n = 13 ±1σ n = 11 ±1σ n = 12 ±1σ n = 17 ±1σ n = 3 ±1σ
Major elements (wt.%)
CaO 54.97 0.29 54.98 0.69 55.11 0.95 55.93 1.53 54.56 0.03 54.47 0.54 54.40 0.42 54.42 0.41
P2O5 42.40 0.42 41.96 0.43 43.45 0.80 40.24 2.98 43.98 0.03 44.33 0.49 43.59 0.69 44.06 0.30
F 4.27 0.50 4.13 0.49 3.10 0.20 4.11 0.57 3.14 0.03 3.47 0.41 3.18 0.26 3.42 0.32
Cl 0.10 0.03 0.07 0.02 0.10 0.02 0.07 0.01 0.08 0.03 0.09 0.01 0.06 0.01 0.06 0.01
FeO 0.13 0.04 0.31 0.13 0.16 0.09 0.17 0.08 0.16 0.03 0.23 0.10 0.15 0.05 0.18 0.05
Na2O 0.03 0.02 0.02 0.01 0.03 0.03 0.01 0.01 0.04 0.03 0.03 0.02 0.02 0.02 0.06 0.03
Total 101.88 101.46 101.95 100.53 101.95 102.61 101.42 102.20
O = F 1.80 0.21 1.74 0.21 1.30 0.08 1.73 0.24 1.32 0.03 1.46 0.17 1.34 0.11 1.44 0.13
O = Cl 0.02 0.01 0.02 0.01 0.02 0.00 0.02 0.00 0.02 0.03 0.02 0.00 0.01 0.00 0.01 0.00
Total 100.06 99.71 100.62 98.79 100.61 101.13 100.06 100.74
Trace elements (ppm)
Sr 977 43 875 46 757 48 913 32 939 38 861 50 880 29 549 21 542 9
Y 358 11 346 43 346 27 332 19 300 18 313 20 342 20 300 25 278 5
La 324 11 310 34 338 25 338 15 284 16 307 20 344 18 311 24 284 4
Ce 841 29 821 97 917 74 894 41 772 44 827 55 946 56 847 68 767 6
Pr 127 4 126 15 143 11 135 6 122 7 131 9 150 8 135 11 124 1
Nd 695 21 695 83 813 63 752 39 700 42 736 50 861 46 772 62 698 9
Sm 158 6 161 18 181 14 167 10 159 9 167 11 191 11 171 14 157 3
Eu 43.0 1.7 44.9 5.3 62.9 4.8 61.3 3.8 59.3 3.6 59.1 4.5 69.0 3.7 67.2 6.0 61.0 1.7
Gd 155 5 159 19 173 14 151 9 152 10 157 11 180 11 159 13 146 3
Tb 17.8 0.6 17.7 2.3 18.7 1.5 17.6 1.1 16.3 1.1 17.0 1.1 19.2 1.1 17.1 1.4 15.7 0.4
Dy 86.4 3.1 84.9 11.0 86.3 7.0 82.0 6.0 75.6 5.2 78.8 5.4 88.3 5.0 78.7 7.2 71.2 1.3
Ho 14.5 0.5 13.7 1.8 14.3 1.2 13.4 0.8 12.3 0.8 12.7 0.9 14.1 0.8 12.5 1.0 11.5 0.5
Er 29.5 1.1 27.2 3.1 27.7 2.4 26.7 1.5 24.0 1.7 24.8 1.7 27.3 1.7 24.1 2.4 21.9 0.6
Tm 2.98 0.09 2.59 0.36 2.71 0.25 2.63 0.16 2.37 0.18 2.46 0.17 2.65 0.17 2.33 0.23 2.06 0.09
Yb 14.7 0.6 12.4 1.6 13.7 1.2 14.1 1.0 11.5 1.0 12.2 1.0 13.0 0.8 11.6 1.4 10.7 0.3
Lu 1.80 0.08 1.48 0.23 1.78 0.17 1.72 0.11 1.50 0.12 1.60 0.12 1.63 0.11 1.49 0.16 1.34 0.11
Th 3.08 0.28 4.28 1.09 3.31 0.24 2.66 0.28 1.92 0.21 2.68 0.37 1.62 0.21 1.84 0.26 1.58 0.09
U 0.87 0.12 1.28 0.24 0.98 0.12 0.84 0.06 0.65 0.08 0.80 0.08 0.64 0.07 0.68 0.08 0.59 0.05
∑REE 2511 81 2475 289 2793 218 2657 133 2392 141 2534 171 2906 162 2609 208 2371 29
Eu/Eu* 0.84 0.02 0.86 0.03 1.09 0.02 1.18 0.01 1.17 0.01 1.11 0.02 1.14 0.01 1.25 0.02 1.23 0.03
Ce/Sr 0.86 0.04 0.94 0.13 1.21 0.10 0.98 0.03 0.82 0.05 0.96 0.08 1.08 0.05 1.54 0.12 1.42 0.03
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195C.-M. Xing et al. / Lithos 204 (2014) 188–202Table 1. The detection limit is less than 0.1 ppm and the analytical
uncertainty is better than 10% (relative percentage) for most trace
elements. Heavy rare earth elements in plagioclase were not obtained
in this study due to extremely low concentrations of these elements.
5. Results
5.1. Major and trace elements of apatite
Apatite grains from the MZb proﬁle in the Jianshan mine are
ﬂuorapatite with F contents ranging from 3.10 to 4.27 wt.% and F/Cl ra-
tios N22.7 (Table 2), typical of igneous apatite (Chu et al., 2009). They
have 1230 to 549 ppm Sr and show an overall trend of decreasing Sr
from the base upwards (Fig. 5a). Two remarkable reversals of Sr concen-
trations are recognized, one is at 704 m level and the other at 940 m
level (Fig. 5a). According to these two intervals, we divide the MZb
into three sub-units from the bottom to the top, MZb1, MZb2 and
MZb3. In the MZb1, apatite at the base has 899 ppm Sr, whereas those
above have Sr decreasing to 807 ppm at 604 m level, followed by an in-
crease to 1230ppmSr at the top (Fig. 5a). In theMZb2, apatite has a long
decreasing trend of Sr from the base upwards, followed by a short in-
creasing trend to the top. In the MZb3, apatite has a trend of decreasing
Sr from the base upwards and has the lowest Sr of 549 ppmof thewhole
proﬁle at the top of this sub-unit (Fig. 5a).
Apatite from the MZb has total rare earth element (REE) concentra-
tions ranging from 2138 to 2906 ppm. The variation trend of REE for ap-
atitemirrors that of Sr until it is near the top of theMZb3 (Fig. 5b). In the
MZb1, apatite at the base has 2641 ppm REE, which increases to
2782 ppm at the 604 m level, then decreases upwards to 2138 ppm
REE at the top (Fig. 5b). In theMZb2, apatite has a long trend of increas-
ing Sr, followed by a short trend of decreasing Sr to the top. In theMZb3,
apatite has a trend of increasing REE up to 2906 ppm near the top, the
highest value found in the proﬁle, then decreases towards the top
(Fig. 5b). Apatite grains have Ce variation identical to the trend of total
REE through the proﬁle (Fig. 5c). Apatite grains from the MZb1 and
MZb2 have nearly constant Eu concentrations of 39.5 to 45.9 ppm
with two high outliers of 62.9 and 61.3 ppm Eu near the top of the
MZb2 (Fig. 5d), whereas those from the MZb3 have 59.1–69.0 ppm
Eu, higher than the MZb1 and MZb2.
Apatite grains from theMZbhave light REE-enriched andheavyREE-
depleted patterns on the chondrite-normalized REE plots and all the
grains have patterns parallel except for Eu anomalies (Fig. 6). Most ap-
atite grains from theMZb1 and MZb2 have weakly negative Eu anoma-
lieswith Eu/Eu* ratios ranging from0.70 to 0.98 and two high outliers of
1.09 and 1.18 near the top of the MZb2, whereas those from the MZb3
have positive Eu anomalies with Eu/Eu* ratios ranging from 1.11 to
1.25 (Fig. 6).
5.2. Major and trace elements of plagioclase
Plagioclase grains from theMZb proﬁle in the Jianshanmine haveAn
contents of 47–52 mol% at the bottom and 38–28 mol% at the top
(Fig. 7a, Table 3) and show an overall trend of decreasing An content
through the proﬁle (Fig. 7a).
Plagioclase from the MZb has Sr concentrations ranging from 2025
to 733 ppm (Table 3) and shows an overall trend of decreasing Sr
from the base upwards (Fig. 7b). In the MZb1, Sr in plagioclase
decreases from the base upwards, and then increases to 2025 ppm at
the top. In the MZb2, Sr in plagioclase decreases progressively upwards
before increasing near the top of the sub-unit. In theMZb3, Sr in plagio-
clase sharply decreases down to 733 ppm at the top of the sub-unit
(Fig. 7b).
Plagioclase has light REE (La, Ce, Pr, Nd, Sm and Eu) concentrations
ranging from 13.8 to 7.44 ppm (Table 3) and shows an overall trend
of decreasing concentrations from the base upwards (Fig. 7c). In the
MZb1, the plagioclase at the bottom has 13.8 ppm light REE and allthe grains show a decreasing trend upwards initially and followed by
an increasing trend to the top of this sub-unit (Fig. 7c). Plagioclase
from the MZb2 shows a zigzag variation of light REE. In the MZb3, pla-
gioclase has a trend of decreasing light REE from the base upwards to
the minimum of 7.44 ppm at the top (Fig. 7c). Plagioclase grains from
the MZb1 and MZb2 have Eu/Eu* ratios ranging from 24.3 to 46.4 with
two high outliers of 90.8 and 76.7 at the top of the MZb2, whereas
those from the MZb3 have Eu/Eu* ratios ranging from 77.9 to 131
(Table 3).
6. Discussion
The apatite-richMZb of the Panzhihua intrusion is different from the
apatite-rich units of layered intrusions elsewhere in that it has unusual
and different distributions of modal apatite and Sr and Eu variations
of apatite and plagioclase through the proﬁle. The highest modal per-
centage of apatite is found in MZb3, at the top of the MZb. In contrast,
apatite from the Skaergaard intrusion mainly occurs in the lower part
of UZb and modal apatite gradually decreases from the base upwards
(Tegner et al., 2009). Apatite grains from the MZb3 have positive Eu
anomalies, whereas apatite grains usually have negative Eu anomalies
in other layered intrusions (Tollari et al., 2008; VanTongeren and
Mathez, 2012). In addition, plagioclase from the MZb shows an overall
trend of decreasing Sr from the base upwards, different from the overall
increasing trend in other layered intrusions, such as the Skaergaard
intrusion (Jang and Naslund, 2001; McBirney, 2002), the Bushveld
Complex (Lum, 2011) and the Sept Iles intrusion (Namur et al., 2010).
These distinct differences may have important bearings on the magma
processes in the formation of the Panzhihua intrusion and associated
Fe–Ti oxide deposit.
6.1. Fractional crystallization of apatite and plagioclase
Both apatite and plagioclase from the MZb of the Panzhihua
intrusion have an overall trend of decreasing Sr concentrations in each
sub-unit (Fig. 5a and b). Sr is compatible in both apatite and plagioclase
(DSrapatite = 1.1–5.1, Prowatke and Klemme, 2006; DSrplagioclase =
1.5–3.8, Bindeman et al., 1998) and incompatible in clinopyroxene, oliv-
ine and Fe–Ti oxides (Hart and Dunn, 1993; Nielsen et al., 1992). There-
fore, variation of Sr of residual magmas should be mainly controlled by
crystallization of apatite and plagioclase. However, modal apatite in lay-
ered intrusions is usuallymuch lower than that of plagioclase so that the
DSr
bulk is mainly related to modal plagioclase and partition coefﬁcient of
Sr in plagioclase. In the Sept Iles intrusion, rock layers below the apatite-
rich unit contain 60–70% plagioclase with An contents of 68–60 mol%,
whereas the apatite-rich unit contains 40–50% plagioclase with An
contents ranging from 52 to 34 mol% (Namur et al., 2010, 2012).
Namur et al. (2010) considered that the rock layers below the apatite-
rich unit may have formed by crystallization of ~70% plagioclase in a
mineral assemblage of plagioclase, clinopyroxene, Fe–Ti oxides and ol-
ivine and they calculated theDSrbulk to be close to unity (1.05) by assum-
ing a DSrplagioclase of 1.5. In this model, crystallization of more plagioclase
would make the DSrbulk greater than unity, producing residual magmas
that are poor in Sr, whereas crystallization of less plagioclase would
make the DSrbulk less than unity, producing residual magmas that are
rich in Sr. Therefore, the trend of increasing Sr in plagioclase and apatite
within the apatite-rich unit is explained by the crystallization of b 70%
modal plagioclase (Namur et al., 2010).
Plagioclase from theMZb1 andMZb2 ranges from 65 to 90 vol.% and
An contents from 54 to 33 mol%, whereas plagioclase from the MZb3
varies from 50 to 65 vol.% with An contents ranging from 39 to
28 mol% (Fig. 7). Note that plagioclase in the MZb of the Panzhihua in-
trusion is more abundant and has much lower An contents than that
for plagioclase in the apatite-rich unit of the Sept Iles intrusion. Both in-
trusions are considered to have formed from ferrobasaltic magmas
(Namur et al., 2010; Pang et al., 2008). If the parental magmas of the
Fig. 5. Trace element variation of apatite from the MZb in the Jianshan mine along the stratigraphic height. (a) Sr concentration of apatite; (b) REE concentration of apatite; (c) Ce
concentration of apatite; (d) Eu concentration of apatite; (e) Ce/Sr ratios in apatite.
Fig. 6.Chondrite-normalized rare earth element plots of apatite from theMZb3 (a) and the
MZb1 andMZb2 (b) in the Jianshanmine. Normalized data are from Sun andMcDonough
(1989).
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the MZb1 and MZb2 indicates that the magmas of the Panzhihua
intrusion may have experienced crystallization of N70% plagioclase. If
the sameDSrplagioclase of 1.5 is used, crystallization of N70%modal plagio-
clasewould result in theDSrbulk greater than unity and a decrease of Sr in
residualmagmas. This can explain the gradual trend of decreasing Sr for
apatite and plagioclase in the MZb1 and MZb2.
However, the trend of decreasing Sr of apatite and plagioclase in the
MZb3 cannot be attributed to the crystallization of N70% plagioclase as
modal plagioclase in the MZb3 is far less than 70%. One possible reason
is that theDSrplagioclase for theMZbmay be different from that in the Sept
Iles intrusion. Experimental results indicate that the DSrplagioclase would
become higher with a decrease in An contents; the DSrplagioclase would
change from 1.5–1.8 at 77–65 mol% An to 2.4–3.8 at 57–43 mol% An
(Bindeman et al., 1998). Given that plagioclase grains of the MZb have
An contents ranging from 54 to 28 mol%, the DSrplagioclase for the MZb
may be higher than 1.5 as assumed for the Sept Iles intrusion. Modeling
results indicate that crystallization of ~50% modal plagioclase would
make the DSrbulk close to unity if a DSrplagioclase of 2.0 is assumed. In this
case, crystallization of N50% plagioclase would cause the DSrbulk of the
residual magmas greater than unity and result in the trends of de-
creasing Sr for the apatite and plagioclase in the MZb. However, the
exact DSrplagioclase for plagioclase from the MZb cannot be determined
so far, we leave this possibility open for further study.
The signiﬁcantly low Sr concentrations of the apatite and plagioclase
grains near the top of the MZb3 could alternatively be attributed to the
replenishment of a new magma pulse with low Sr. We consider that
magma replenishment is very likely as minerals from the MZb3 have
distinct compositions from those in the MZb1 and MZb2 (Fig. 2). This
possibility will be discussed more in the sections below.
6.2. Two compositional reversals of apatite and plagioclase in the MZb
Apatite and plagioclase from the MZb of the Panzhihua intrusion
show two signiﬁcant Sr and REE reversals at 704 m and 940 m levels
with only small variations of An contents of plagioclase at these two
levels (Figs. 5 and 7). It is well known that there are compositional re-
versals of An content and Sr concentration for plagioclase, Fo content
for olivine, Mg# value for clinopyroxene and Cr concentration for mag-
netite in different height levels of layered intrusions elsewhere, such as
the Bushveld Complex (Cawthorn and Ashwal, 2009; Cawthorn and
McCarthy, 1980; Tegner et al., 2006), the Sept Iles intrusion (Namuret al., 2010) and the Bjerkrein–Sokndal intrusion in Norway (Jensen
et al., 1993). These compositional reversals are often attributed to the
mixing of evolved magmas with new primitive magmas in magma
chambers (Ashwal et al., 2005; Jensen et al., 1993; Namur et al., 2010),
or evolved magmas with less differentiated magmas from the upper
part of the magma chamber due to magma convection (Cawthorn and
Ashwal, 2009; Cawthorn and McCarthy, 1980; Tegner et al., 2006). In
general, mixing of evolved magmas with new primitive magmas
would decrease P in the mixed magmas because P is highly under-
saturated in primitive magmas. Therefore, modal apatite would
decrease dramatically in the mixed magmas and may disappear at the
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apatite does not obviously drop at 704 m and 940 m levels of the MZb
(Fig. 3e). Therefore, the compositional reversals of apatite from the
MZb are unlikely to have been caused by themixing of evolvedmagmas
with new primitive magmas.
Small variations of An contents in plagioclase from the MZb of the
Panzhihua intrusion are similar to those for plagioclase from the
Upper Zone of the Bushveld Complex, where the An contents of plagio-
clase change slightly against the large reversals of P2O5 of whole-rock
composition and V2O5 of magnetite (Tegner et al., 2006). They
interpreted the reversals of whole-rock P2O5 content and the V2O5 of
magnetite to be a result of mixing between residual magma in underly-
ing layers and less differentiated magma in overlying layers in a strati-
ﬁed magma chamber, which was produced by double-diffusive
convection from originally a homogeneous magma chamber. Likewise,
small variations of An in plagioclase at 704 m and 940 m levels in the
MZb are associated with large reversals of Sr and REE concentrations
of apatite, indicating that the compositional reversals for Sr and REE of
apatite in the MZb may have formed by a similar mechanism.
Variations of Ce/Sr ratios of apatite along the proﬁle of the MZb are
supportive of themixture between stratiﬁedmagma layers. Apatite grains
at the top of the MZb1 and MZb2 have trends of increasing Sr and de-
creasing Ce, deviating from overall variation trends along the proﬁle
(Fig. 5a and c). Both Ce and Sr are compatible in apatite (DCeapatite =
2.3–18.1, DSrapatite = 1.1–5.1, Prowatke and Klemme, 2006), whereas Sr
is compatible in plagioclase (DSrplagioclase = 1.5–3.1, Bindeman et al.,
1998) and Ce is incompatible in plagioclase (DCeplagioclase = 0.14–0.41,
Bindeman et al., 1998). As plagioclase is the major phase of leucogabbro
in theMZb, theDCebulk is calculated to be b1, whereasDSrbulk is N1. If strat-
iﬁedmagma layers formed in amagma chamber, plagioclase that crystal-
lized earliermay have settled towards the base of each layer, resulting in a
decrease of Sr and an increase of Ce in residual magma which moved up
to the top of each layer. In the boundary between two layers, a mixed
magma formed between the residual magma at the top of the underlying
layer and a less differentiated magma at the base of the overlying layer.Fig. 7. Variations of An (a), Sr (b) and LREE (c) for plagThe less differentiated magma could have relatively high Sr and low Ce
when compared to the residual magma so that the mixed magmas
would have relatively low Ce/Sr ratios, which is what is observed in the
apatite grains at the boundaries of the MZb1, MZb2 and MZb3 as shown
in Fig. 5e. Therefore, we consider that the Sr and REE reversals of apatite
and plagioclase in theMZb result frommixing of the residual and less dif-
ferentiated magmas in a stratiﬁed magma chamber.
6.3. Positive Eu anomaly of apatite in the MZb3
Apatite grains from theMZb3 have positive Eu anomalies, which are
different from most apatite grains from the MZb1 and MZb2 that show
weakly negative Eu anomalies (Fig. 6). Apatitewith a negative Eu anom-
aly is common in layered intrusions elsewhere and is generally attribut-
ed to prior crystallization of plagioclase (Cawthorn, 2013; Tollari et al.,
2008; VanTongeren and Mathez, 2012). On the other hand, apatite
with a positive Eu anomaly is considered to be related to high oxygen
fugacity (fO2) (Chu et al., 2009; Sha and Chappell, 1999). It is generally
believed that Eu3+ is preferentially incorporated to apatite, whereas
Eu2+ preferentially to plagioclase (Aigner-Torres et al., 2007; Cao
et al., 2012; Roelandt and Duchesne, 1979; Sha and Chappell, 1999).
Eu3+/Eu2+ ratios of magmas would increase under high oxygen fugac-
ity so that apatite would incorporate more Eu than plagioclase in this
case (Sha and Chappell, 1999). However, both apatite and plagioclase
from the MZb3 have Eu/Eu* ratios higher than those from the MZb1
and MZb2 (Tables 2 and 3), indicating that high oxygen fugacity may
not be a reason for the positive Eu anomaly of apatite from the MZb3.
Apatite that crystallized from Eu-rich felsic magmas may likely have
positive Eu anomaly (Chu et al., 2009). Given the distinct compositions
of apatite from the MZb3, we consider that a Eu-rich magmamay have
injected into the top of theMZb andmixedwith the stratiﬁedmagma of
the MZb3. The possible candidate for the Eu-rich magma is a syenitic
magma with compositions similar to the Daheishan pluton, which is
temporally and spatially associated with the Panzhihua intrusion
(Fig. 1b and c). Rocks from the Daheishan pluton have 432 ppm Srioclase from the MZb proﬁle in the Jianshan mine.
Table 3
Major and trace element compositions of plagioclase from the MZb of the Panzhihua intrusion.
Sample no. JS988 JS987 JS986 JS985 JS983 JS980 JS978-1 JS1202 JS1205 JS1208 JS1211 JS1216
Rock type Leucogabbro Melagabbro Leucogabbro Leucogabbro
Sub-unit MZb1 MZb2 MZb3
Height (m) 578 604 636 670 704 809 869 899 920 940 971 1018
Grains n = 9 ±1σ n = 5 ±1σ n = 5 ±1σ n = 5 ±1σ n = 9 ±1σ n = 6 ±1σ n = 5 ±1σ n = 7 ±1σ n = 7 ±1σ n = 6 ±1σ n = 5 ±1σ n = 7 ±1σ
Major oxides (wt.%)
SiO2 55.59 0.31 55.12 0.40 54.44 0.45 55.73 0.38 55.14 0.29 55.79 0.32 60.04 1.01 58.41 0.24 57.69 1.20 58.05 1.27 57.99 0.48 60.40 0.97
TiO2 0.03 0.03 0.04 0.04 0.04 0.03 0.06 0.02 0.08 0.04 0.05 0.02 0.02 0.01 0.09 0.03 0.08 0.03 0.09 0.03 0.08 0.03 0.07 0.03
Al2O3 27.18 0.17 27.24 0.19 28.48 0.19 27.57 0.19 27.62 0.38 27.22 0.37 24.72 0.50 25.60 0.18 26.35 0.48 25.88 0.41 25.79 0.23 23.94 0.21
FeO 0.21 0.03 0.13 0.11 0.20 0.02 0.22 0.03 0.22 0.04 0.31 0.16 0.17 0.06 0.19 0.03 0.21 0.03 0.17 0.04 0.21 0.05 0.24 0.16
CaO 10.47 0.37 10.23 0.41 11.22 0.14 10.69 0.13 10.80 0.30 10.32 0.16 7.03 0.47 8.09 0.22 8.95 0.69 8.33 0.63 8.27 0.23 6.16 0.24
Na2O 6.34 0.17 4.73 0.48 5.70 0.20 5.76 0.14 6.21 0.22 5.95 0.11 7.11 0.13 7.18 0.23 6.28 0.35 7.00 0.47 7.18 0.13 8.31 0.10
K2O 0.27 0.02 0.15 0.08 0.20 0.02 0.23 0.03 0.20 0.01 0.26 0.01 0.97 0.43 0.38 0.04 0.32 0.09 0.35 0.05 0.29 0.04 0.39 0.02
Total 100.10 97.48 100.28 100.02 100.24 99.89 99.08 99.94 98.61 99.86 99.83 99.51
An (mol.%) 47.03 1.17 53.97 2.53 51.52 1.15 49.97 0.95 48.52 1.32 48.24 0.52 33.41 2.36 37.59 1.14 43.22 2.76 38.93 3.36 38.26 0.78 28.41 0.91
Trace elements (ppm)
Rb 0.97 0.30 0.84 0.48 0.54 0.13 0.94 0.63 0.58 0.08 0.56 0.11 1.99 0.34 1.16 0.93 0.92 0.23 1.46 0.45 1.42 0.55 0.55 0.07
Sr 1979 66 1568 47 1654 23 1667 58 2025 65 1834 31 1426 63 1424 37 1551 101 1378 45 1458 66 733 34
Ba 196 13 150 5 163 4 177 28 179 11 178 5 228 16 641 28 659 106 552 47 536 30 844 33
La 3.74 0.36 2.61 0.18 3.20 0.07 3.28 0.32 2.75 0.37 3.07 0.08 1.45 0.09 2.14 0.19 2.85 0.38 1.88 0.07 1.92 0.15 1.19 0.14
Ce 5.33 0.46 3.85 0.38 4.73 0.16 4.76 0.27 3.96 0.35 4.46 0.07 2.21 0.44 3.27 0.24 4.23 0.47 2.94 0.17 2.90 0.15 1.74 0.22
Pr 0.55 0.05 0.39 0.05 0.46 0.03 0.47 0.03 0.40 0.05 0.45 0.02 0.20 0.02 0.34 0.02 0.44 0.05 0.31 0.02 0.31 0.02 0.18 0.03
Nd 2.13 0.22 1.56 0.28 1.92 0.06 1.81 0.12 1.68 0.16 1.92 0.09 0.82 0.09 1.49 0.16 1.71 0.23 1.41 0.10 1.18 0.18 0.77 0.12
Sm 0.27 0.04 0.20 0.06 0.22 0.04 0.24 0.05 0.20 0.06 0.23 0.04 0.09 0.02 0.17 0.06 0.26 0.06 0.17 0.04 0.16 0.04 0.09 0.03
Eu 1.78 0.11 1.28 0.11 1.46 0.06 1.60 0.19 1.66 0.12 1.70 0.07 2.76 0.16 3.36 0.21 2.88 0.14 2.93 0.08 3.09 0.22 3.49 0.15
Gd 0.17 0.04 0.15 0.05 0.16 0.04 0.15 0.05 0.14 0.05 0.17 0.07 0.10 0.02 0.12 0.02 0.16 0.05 0.09 0.05 0.12 0.05 0.08 0.01
∑LREE 13.8 1.3 9.89 0.87 12.0 0.3 12.2 0.5 10.7 0.9 11.8 0.1 7.52 0.49 10.8 0.5 12.4 1.0 9.64 0.31 9.56 0.38 7.44 0.54
Eu/Eu* 26.5 4.3 24.3 3.0 25.1 5.3 26.9 6.4 32.3 8.5 27.9 6.4 90.8 13.5 76.7 14.3 46.4 13.3 90.2 43.4 77.9 27.5 131.6 33.8
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199C.-M. Xing et al. / Lithos 204 (2014) 188–202and 6.7 ppm Eu (on average) and positive Eu anomalies (Eu/Eu* =
1.64–1.96) (Zhong et al., 2009). Modeling results indicate that the
melt in equilibrium with apatite at the base of the MZb1 has 620 ppm
Sr and 5.4 ppm Eu with Eu/Eu* of 0.75, and the melt in equilibrium
with apatite at the base of the MZb3 has 522 ppm Sr and 7.9 ppm Eu
with Eu/Eu* ratio of 1.18 using the Dapatite/melt reported by Roelandt
and Duchesne (1979). If the MZb3 is assumed to be the product of
mixing magma of the MZb1 melt and syenitic magmas, 50% syenitic
magma is required to yield a Eu/Eu* ratio of 1.14 for themixedmagmas.
It is considered that normal magmaswould have 54–59wt.% SiO2 when
apatite reaches saturation (c.f., Namur et al., 2012; Tegner et al., 2006).
Si-rich melt inclusions trapped within the apatite at the top of the
MZb3 have SiO2 contents ranging from 56.3 to 76.5 wt.% (Wang et al.,
2013), whereas the syenitic rocks from the Daheishan pluton have
~60wt.% SiO2 (Zhong et al., 2009).We consider that addition of 50% sy-
enitic magma into the MZb3 may not affect the SiO2 content of the
mixed magmas but may have substantially increased Eu and
decreased Sr of the mixed magmas. This may explain why there is the
sharp trend of decreasing Sr for both apatite and plagioclase (Figs. 5a
and 7b) and the trend of increasing Eu near the top of the MZb3
(Fig. 5d).
The high SiO2 content of the MZb3 is consistent with magmas that
were more differentiated upwards in a magma chamber and the higher
modal apatite in the MZb3 than the MZb1 and MZb2 (Fig. 3e). Experi-
mental results indicate that the P2O5 contents of magmas at apatite sat-
uration vary negatively with SiO2 and CaO and positively with
temperature (Green and Watson, 1982; Tollari et al., 2006). Therefore,
less P2O5 is required for felsic magmas than maﬁc magmas at apatite
saturation for a given temperature or at lower temperature for a given
melt composition (Fig. 8). If the melts of the MZb1, MZb2 and MZb3Fig. 8. (a)Modeling showing P2O5 values at apatite saturation as a function of SiO2 and CaO
at 1050 °C; and (b) as a function of temperature for a Fe-rich melt at a given composition
of 40 wt.% SiO2 and 10.5 wt.% CaO. The modeling is based on the method by Tollari et al.
(2006).are assumed to have similar P2O5 contents,more apatitemay have crys-
tallized from the melts of the MZb3 as less P2O5 is required for apatite
saturation in the magmas with high SiO2 contents.
6.4. Enrichment of apatite in the MZb
Experimentally, P5+ can reactwith Fe3+ forming Fe3+(PO4)3− com-
plexes in silicate liquids and thusmay increase the solubility of P and Fe
to inhibit the crystallization of Fe–Ti oxides (Toplis et al., 1994). On the
other hand, once Fe–Ti oxides or apatite are present on the liquidus, the
other onewill also crystallize in abundance (Tollari et al., 2006). Apatite
is thus closely associated with Fe–Ti oxides in most cases. However, it is
enigmatic why the major apatite-rich units always occur above the
major Fe–Ti oxide ore units and are often associated with leucogabbroic
rocks in many layered intrusions. For example, in the Skaergaard intru-
sion, the most Fe–Ti oxide-rich layers occur in the LZc, but cumulus ap-
atite presents in the UZb, separated by a distance of ~800–1000 m
(Tegner et al., 2009; Thy et al., 2009). In the Bushveld Complex, the
main magnetite layer occurs in the UZa, but cumulus apatite presents
in the UZc, separated by a distance of ~700–1300 m (Klemm et al.,
1985; Tegner et al., 2006). Likewise, the main massive ore-body of the
Panzhihua intrusion occurs in the LZ, separated from the cumulus
apatite-rich MZb by a distance of ~400 m (Pang et al., 2009).
In a model of crystal settling to explain the occurrence of apatite-
oxide-rich rocks in the Sept Iles intrusion, Tollari et al. (2008) consid-
ered that apatite could be closely associated with Fe–Ti oxides when
apatite and Fe–Ti oxides crystallize almost simultaneously, whereas
the Fe–Ti oxides and apatite saturation events can be widely separated
when Fe–Ti oxide saturation precedes apatite saturation. Such a
“delayed” apatite saturation may be related to the high-temperature
immiscibility of basaltic magmas. Experimental results indicate that P
is preferentially incorporated into immiscible Fe-rich melt rather than
Si-rich melt (Lester et al., 2013; Shearer et al., 2001; Veksler et al.,
2006), however, the P2O5 content at the saturation of apatite in the
Fe-rich melt is closely related to temperature as shown in the equation
by Tollari et al. (2006):
Mliq‐satP2O5 ¼ exp T
−0:8579
139:00−MliqSiO2
þ 0:0165
 !
−3:3333 ln MliqCaO
 " #
ð1Þ
whereMP2O5liq-sat is themolar percentage of P2O5 in liquid at apatite sat-
uration, MSiO2liq and MCaOliq are the molar percentages of SiO2 and CaOFig. 9. A pseudo-ternary diagram showing the Emeishan high-Ti basalts plotting in the
immiscibility ﬁeld deﬁned by Roedder (1951) in the system of leucite–fayalite-silica
(modiﬁed after Rajesh, 2003). Data source: Emeishan high-Ti basalts are from Xu et al.
(2001) and Qi et al. (2008).
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sumed to have 55wt.% SiO2 and 6.5wt.% CaOwhen cumulus apatite be-
gins to crystallize like other layered intrusions (Namur et al., 2012;
Tegner et al., 2006), 3.4 wt.% P2O5 in magma is required for apatite sat-
uration at 1050 °C (Fig. 8a). If a Fe-rich melt contains 40 wt.% SiO2 and
10.5 wt.% CaO (Charlier and Grove, 2012; Jakobsen et al., 2005;
Philpotts, 1982), the P2O5 content in the Fe-rich melt at the saturation
of apatite is 9.0 wt.% at 1050 °C and 10.4 wt.% at 1070 °C (Fig. 8b), indi-
cating that P could be highly under-saturated in the Fe-richmelt at high
temperature. It is suggested that liquid immiscibility can take place atFig. 10. A schematic cartoon showing the evolution of a P- and Si-rich melt in thehigh temperature in plutonic environments on slow cooling, or at
lower temperatures in lavas on fast cooling (Charlier et al., 2013), and
liquid immiscibility is easier to be induced in turbulent rather than static
environments (Veksler et al., 2007). The parental high-Ti basaltic
magmas of the Panzhihua intrusion have whole-rock compositions
plotting in the immiscibility ﬁeld on the pseudo-ternary diagram of
the silica-fayalite–leucite system (Fig. 9) (after Roedder, 1951). If the
parental magmas experienced liquid immiscibility at high temperature
in the Panzhihuamagma chamber, a large convection cell in themagma
chamber may lead to the immiscible Fe-rich melt moving towards themagma chamber and the formation of the MZb of the Panzhihua intrusion.
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the density differences of the two melts (Reynolds, 1985). The Fe-rich
melt is calculated to have density N2.7 g/cm3, whereas the Si-rich
melt has density b2.5 g/cm3 (after a Microsoft Excel spreadsheet at
the GabbroSoft website http://www.gabbrosoft.org based on Bottinga
and Weill (1970)). As P tends to become under-saturated in Fe-rich
melt at high temperature, crystallization of Fe–Ti oxides from Fe-rich
melt may result in the enrichment of P in the residual magmas. The re-
sidual P-richmagmasmoved upwards andmay havemixedwith Si-rich
melt to form a P- and Si-richmelt in the upper part of the chamber, from
which the MZb formed. The immiscibility model can explain why the
apatite-richMZb is above themajor Fe–Ti oxide layers in the Panzhihua
intrusion, andmay explain the formation of apatite-rich units of layered
intrusions elsewhere.
6.5. Magma processes in the formation of the MZb
We propose that the Panzhihua intrusion formed due to high-
temperature liquid immiscibility in an evolved ferrobasaltic parental
magma. Physical separation would force immiscible Fe-rich melt to
move towards the base of the chamber and Si-rich melt to move up to
the top of the chamber due to distinctly different densities of the two
melts (Fig. 10a). Phosphorus tended to be partitioned into the Fe-rich
melt during the separation. Crystallization of Fe–Ti oxides from the Fe-
richmelt at high temperature would result in the enrichment of P in re-
sidualmagma. The residual P-richmeltmay havemixedwith the Si-rich
melt due to intensive convection that circulated in themagma chamber,
forming a P- and Si-richmelt in theupper part of the chamber (Fig. 10b).
Crystallization of abundant plagioclase at the bottom of the P- and Si-
rich melt would increase Fe in the residual magmas, so the chemical
diffusion of Fe moved upwards and was in the same direction as heat
transfer (McBirney and Noyes, 1979; Tegner et al., 2006). As the diffu-
sion of Fe was slower than heat transfer in the magmas, a double-
diffusion convection would form and result in multiple stratiﬁed
magma layers in the magma chamber (McBirney and Noyes, 1979)
(Fig. 10c). Crystallization from base upwards controlled the differentia-
tion ofmagmas in each layer to form theMZb1,MZb2 andMZb3.Mixing
between the boundaries of layers caused Sr and REE reversals of apatite
in the boundaries of the MZb1, MZb2 and MZb3 (Fig. 10d). Replenish-
ment of a syenitic magma in the upper part of the P- and Si-rich melt
produced the positive Eu anomaly of apatite from theMZb3.We consid-
er that the replenishment of the syenitic magma likely happened before
the stratiﬁed layers completely solidiﬁed so that apatite in the MZb3
crystallized from the melts that experienced substantial convection
and magma mixing.
7. Conclusions
The Panzhihua intrusion may have formed due to liquid immiscibil-
ity at high temperatures. Major Fe–Ti oxide ores formed from immisci-
ble Fe-rich melt that moved towards the base of the magma chamber,
whereas the apatite-rich MZb formed from a P- and Si-rich melt in the
upper part of the magma chamber. Double-diffusive convection led to
the formation of stratiﬁed magma layers. Magma mixing between the
stratiﬁed magma layers caused Sr and REE reversals of apatite in the
boundaries of the MZb1, MZb2 and MZb3. Replenishment of a syenitic
magma in the upper part of the P- and Si-rich melt produced the posi-
tive Eu anomaly of apatite in the MZb3.
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